The percolation method has been recently considered in evaluation and prediction of reservoir parameters. This theory has been applied in estimating the connectivity of the reservoir in conventional and fractured reservoirs. Application of this method for predicting the breakthrough time was compared with the field simulation results and this comparison lead to obtaining the results quickly made by estimating the above-mentioned parameters in the reservoirs. In this paper, by using the percolation theory, new parameters generated for breakthrough time prediction via modification and optimization. These new parameters were tested in some oil reservoirs and eventually optimized parameters in scaling law were identified and presented in one of the tested fields.
INTRODUCTION
Percolation was introduced by Broadbent and Hammersley (1957) (Stauffer and Aharony, 1992) . They originally dealt with the concept of spread of hypothetical fluid particles through a random medium. The terms "fluid" and "medium" were viewed as totally general: a fluid can be liquid, vapour, heat flux, electric current, infection, a solar system, and so on. The medium where the fluid is carried can be the pore space of rock, an array of trees, or the universe. Generally speaking, the spread of a fluid through a disordered medium involves some random elements, but the underlying mechanism(s) for this might be one of two very different types. In one type, the randomness is ascribed to the fluid: the fluid particles decide where to go in the medium. This is the familiar diffusion process. In the other type, the randomness is ascribed to the medium so the medium dictates the paths of the particles. This was the new situation that was considered by Broadbent and Hammersley (1957) . Hence it also demanded its own terminology. It was decided to name it a percolation process (Sahimi, 1994) .
The mathematical analysis of percolation theory was first developed by Broadbent and Hammersley in 1957 and since then the topic has been intensively studied by Deutscher et al. (1983) , Bunde and Havlin (199l) , Stauffer and Aharony (1992) and Hughes (1993) who has emphasized the foundations of percolation theory. This theory has been applied in many fields from the spread of forest fires the flow in porous media and fractured rocks (Sahimi, 1994) .
The nature of the fluid flow in hydrocarbon reservoirs is very complex because of the complicated geometries formed as a result of the complex sedimentary processes, which deposited them over the years. This depends strongly on the spatial distribution of the heterogeneities, which appear on all length scales from microns to kilometers, and have to be modeled to make reliable prediction of reservoir performance. For example, a typical low to intermediate net to gross reservoir mainly consist of a mixture of good sandstones with high permeability (i.e. flow units) and poorer siltstones, mudstones and shales with low permeability. Good sandstones with a higher permeability and porosity are the main bodies containing oil within their pores. Obviously the volume of oil in place and recoverable oil between a pair of wells depend on the connected fraction of these good oil bearing zones. Investigating the impact of the geological uncertainty on the reservoir performance parameters can be studied through the percolation methodology which is a very fast method and is applicable to management decisions and risk analysis.
PERCOLATION APPROACH AND ITS ADVANTAGES
Percolation theory is a general mathematical theory of connectivity and transport in geometrically complex systems. The remarkable thing is that many results can often be encapsulated in a small number of simple algebraic relationships (Sahimi, 1994) .
This approach uses the hypothesis that the permeability in a given reservoir can be split into either permeable (i.e. sand/fracture) or impermeable (i.e. shale/matrix) and assumes that the flow paths are strongly modified by the connectivity of flow units and not strongly modified by the flow dynamics themselves. There are many cases where this is a very good approximation. For example, the reservoir may have been deposited by meandering river belts in which case the good sand occurs as "packages" in an insulating background. Also we may model reservoirs with interconnecting flow barriers (shales). Another heterogeneity that one can consider is fractures where the flow is essentially through the interconnected fracture network. This is called "Percolation approach in petroleum reservoir modeling" as the mathematical model of connectivity and transport in geometrically complex systems is given by percolation theory (Stauffer and Aharony, 1992) . Imagine a typical reservoir model to be constructed with an object based technique. Assume a simple permeability model of the reservoir (black and white model for sand/shale or fracture/matrix). Then consider sandbodies/fractures as simple geometrical objects located in space with simple statistics and use percolation theory to estimate the uncertainty in reservoir performance. This is very fast (a fraction of second on a spreadsheet). In particular, we may estimate the probability that wells are in connection via the sands, the fraction of the total sands which is in contact with these wells, the reservoir conductivity (i.e. the effective permeability in simple form), potential oil recovery, sweep efficiency, the breakthrough time and post breakthrough behavior in a particular well configuration.
These may also be useful in making decisions on infill drilling projects. Hence, this approach is an appropriate technique for calculating the quantities of interest.
APPLICATION & PERCOLATION STUDIED IN THE RESERVOIR BEHAVIOR
There are many practical ways in which statistical physics is being used by the oil industry. To list just a few, real space renormalization ideas are used to derive largescale flow parameters given a detailed geological description of an oil reservoir concepts similar to Potts models are used to represent detailed geological structure in reservoirs understanding pattern formation in granular materials helps understand geological processes, non-linear dynamics of drill strings is being used to reduce drilling costs simulated annealing is used to optimize business decisions adding hundreds of millions of dollars to the value of projects (King et al., 1999) .
Oil reservoirs are extremely complex, containing geological heterogeneities on all length scales which have a significant impact on hydrocarbon recovery. The most common method of oil recovery is by displacement in which either water or a miscible gas is injected into wells, to push the oil towards production wells. Ultimately, the injected fluid breaks through at the production wells reducing the amount of oil that can be produced. These fluids must be separated from the produced oil and suitably disposed, which can be very costly. For economic purposes it is important to know when the injected fluid will break through and what the rate of decline in oil production will be. In this paper we concentrate on the first of these problems and adopt a new approach. We simplify the geological model and flow physics such that quasi-analytical predictions of uncertainty could be made extremely quickly. The advantage is that the effects of the complex geometry, which influence the flow, can be readily estimated in fractions of a second on a spreadsheet (King et al., 1999) . Clearly the disadvantage is that much of the flow physics and subtleties of the heterogeneity distribution are missed. Whilst it is the aim of future research to address those issues. In this paper, we show that this simple model can already give reasonable estimates of the production performance when applied to a real dataset. We start by simplifying the rock heterogeneity by assuming that the permeability can be split into 'good' rock (i.e. finite, non-zero permeability) and 'poor' rock (low or zero permeability). For all practical purposes, the flow takes place just in the good rock. It is the interconnectivity of these channels that controls the flow. The spatial distribution of the sand is governed by the geological process. The place of the occupancy probability (p) of percolation theory is taken by the volume fraction of good sand (known as the net-to-gross ratio in the oil industry literature). The second simplification is of the flow physics. Here we assume that the displacement is like passive tracer transport. In other words we have single phase flow from injector to producer (we only consider a single well pair) and we assume that the injected fluid is passively convected along these streamlines. To be specific we shall consider the breakthrough time as the measure of performance. We have very little direct knowledge about the distribution of rock properties in the reservoir. Direct measurements are limited to samples that represent around 10 Ϫ13 of the total reservoir volume. Hence, there is a great deal of uncertainty in the prediction of the rock properties (King et al., 1999) . This leads to a large uncertainty in our prediction of breakthrough time of the injected fluid. We need to assess this uncertainty for economic risk evaluation. The conventional approach is to build detailed numerical models of the reservoir and then perform flow simulations to predict breakthrough. This is repeated with many realizations of the subsurface models to build up an estimate of the uncertainty. Unfortunately, this process is very computer intensive with each flow simulation taking typically many hours of CPU time. In order to get good statistics one must repeat the calculation many hundreds or thousands of times. Additional calculations are necessary in order to estimate the uncertainty associated with an alternative pattern of injection and production wells, which is required to determine the optimal well pattern. The purpose of this study is to use the methods of percolation theory to make the estimation of uncertainty much more efficient.
Percolation theory is an extremely successful model of connectivity and dynamics in complex geometries. The simplest model is to consider a lattice of sites, which are occupied with a probability p, or not with probability 1-p. Clusters are formed when neighboring sites are occupied. As this occupancy probability is increased, the clusters grow in size and merge until, at a critical value (the percolation threshold, pc), one large cluster completely dominates the connectivity (there are also other small clusters which get absorbed as p further increases). Around this threshold value all the properties (number of clusters, size distribution of clusters etc.) are controlled by universal scaling (power) laws. They are universal in the sense that the values of the exponents are independent of the details of the model, such as the lattice type (square, triangular etc.) or even if there is a lattice at all (continuum percolation). These exponents only depend on the dimension of space. The percolation threshold does depend on the nature of the lattice but it has been calculated (King et al., 1999) .
BREAKTHROUGH TIME PROBABILITY DISTRIBUTION
Percolation concepts can be used to find the probability distribution for the breakthrough time t br between an injector and a producer. Preliminary studies indicate that the percolation model gives useful predictions (Dokholyan et al., 1998; King et al., 1999; Andrade et al., 2000; King et al., 2002a) .
As before, assume a black and white permeability map (i.e. the permeability is one for sand bodies and zero for shale). Sandbodies are represented by cuboidal (i.e. isotropic case) and random and independent distribution in space (King et al., 1999) .
Assume that the displacing fluid has the same viscosity and density (e.g. incompressible fluid) as the fluid. In this case as the injected fluid displaces the oil the pressure field is unchanged. The displacement of a single phase flow with unit mobility ratio and miscible flood is like a passive tracer transport. The distance between the injector (with p ϭ ϩ1) and a producer (with p ϭ 0) is r. The pressure field is determined by solving single phase flow equation as, (∇ . K∇P ϭ 0). For each possible configuration of the reservoir system, there are many possible paths that is called streamlines to travel from the first point to the second (see Figure 1 for the streamlines within the backbone). Injected fluid is passively connected along these streamlines. The time when the first tracer reaches the second point for a given realization is called the breakthrough time. It may be considered the breakthrough time as a measure of reservoir performance (King et al., 1999) .
First, various realizations of the model must be generated. For a given reservoir model, different realization of the well locations is sampled. For the same well locations different reservoir models are generated. It is shown that the distribution of breakthrough times conditioned to the reservoir size L and net-to-gross ratio p has the following scaling (Dokholyan et al., 1998; Andrade et al., 2000; King et al., 2001; King et al., 2002b) :
Where,
Before applying this scaling law, it is necessary to describe the motivation behind this. This is similar to the problem of finding the probability distribution for the shortest path on a percolating cluster between two points. Note that in a homogenous system (i.e. in percolation terminology p ≈ 1) streamlines between two points are simple lines or curves. However, in a disordered medium, the streamlines are like self-avoiding random walks. The probability distribution for the end-to-end distance of a simple random walk is a Gaussian. However, for the case of self-avoiding random walk this is a stretched Gaussian like f 1 -function in the equation. In reality all systems are finite; hence, to account for the finite size effects large excursions of the streamlines are not permitted by finite boundaries so there will be an upper cut-off that is given by f 2 -function in the equation. Away from the percolation threshold there are finite size clusters; hence the clusters of connected bodies have a typical size of which also truncate the excursion of the streamlines which are given by f 3 -function in the equation (King et al., 2002a) .
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Scaling for the shortest streamlines (length) applies to the shortest transit time with its own parameters determined from the numerical simulations. The shortest path between two points at distance r on the backbone structure is scaled as, l min ∝r 1.13 so the minimum traveling time between two points at distance "r" on the backbone is also related to the shortest path which is scaled, t min ∝ L min 1.17 ∝ r d t ϭ1.13 (King et al., 2002a) .
For the scaling relation analysis t ∝ r d t it can be used t/t 0 ∝ (r/r 0 ) d t where r 0 is a typical length (e.g. sandbody size or r s ) and t 0 is a typical time (e.g. the time needed to transit one sandbody). In particular, the transit time (in seconds) for a fluid of viscosity µ (cp) between two wells (or two points) with pressure drop ∆p (in atm) separated by a distance r (in cm) in a homogeneous region with a permeability k (Darcy) is shown to be) (King et al., 2002b) :
This gives a typical transit time for a sandbody if ∆p is known across the given sandbody. With linear assumption for the pressure drop across the region then pressure drop ∆p across the sandbody is ∆P/(r/r s ). Taking into account the effect of the sandbodies overlapping with the numerical simulation, then the typical transit time for a sandbody is given by (King et al., 2002b) , (3) This paper will not discuss the background to this scaling relationship but concentrate on how well it succeeds in predicting the breakthrough time for a realistic permeability field. For more explanation, it is better to represent a real example by King et al., (2001) . In this work, by using the simulation process and creating 9 different realizations from locations of the injection and production well pairs, the researchers estimated the scaling relation of this theory and the breakthrough time and compared it with the results of the simulation (King et al.,2001) . The illustration the results of this research are shown in Figure 2 .
APPLICATION TO A REAL FIELD
To predict breakthrough time of injected water, equation (1) was tested and evaluated in some fields. According to the results, parameters of equation (1) optimized for some Iranian oil fields eventually. Regardless of parameters optimization process, each of these parameters are explained below.
In order to validate the comparisons of the percolation theory and the simulation process, a real oil reservoir in Iran is considered. This field is approximately 20 km long 15 km wide and 170 m thick. In the simulation process, this reservoir was divided into grids, in x, y, z direction, as 80, 57, 16 grids respectively; and the dimensions of each grid in i j k direction were taken as 245, 260, 11 m respectively (Fig. 3) .
The turbidite channels (which make up most of the net pay in the reservoir) are typically 17 km long by 13 km wide by 140 m thick. These channels have their long axes aligned with the long axis of the reservoir.
The net to gross ratio is 50%. The permeability in the reservoir varies from 3500 to 14500 MDarcy and is approximately isotropic which means that its permeability is quite equal in x, y and z directions. The average porosity is 29%. The water and oil contact is in the depth 2272 m while the datum depth is 2164 m. The distance of each production and injection well pair in each realization is 1500 m, which is either perpendicular to the long axis of the field or is leveled with it (Fig. 4) . The inner diameter of the wells was considered 0.15 m. in both real and synthetic models. In order to account for the anisotropy in the shape of the sandbodies and the field, all length units were made dimensionless by scaling with the dimension of the sandbody in the appropriate direction (so the field dimensions are L x , L y and L z in the appropriate Comparison of probability distribution of breakthrough times for the example reservoir obtained from percolation theory (smooth curve) and from full field model (histogram) (King et al., 1999) .
directions). As a result the scaling law, equation (1), can be applied with the minimum of these three values (L ϭ min(L x , L y , L z )) for the well spacing in a similar manner. Although the real field is rather more complex than this, a more realistic reservoir description was made and put into a conventional simulator. For the purpose of comparison with the percolation model, the reservoir could be modeled with rectangular 'boxes' of the dimensions given above. These dimensions can be entered into the scaling formula, equation (1). Additionally one needs the injection pressure of 3800 psi, the production pressure of 3200 psi relative to the reservoir pressure which is 3535 psi; a sand permeability of 11000 MDarcy and an oil viscosity of 14.7 cp.
674
Utilization of percolation theory to estimate water injection breakthrough time Using these data breakthrough time was found around 1 year. However, the actual displacement process is not the same as simple passive tracer transport. To account for this, Buckley-Leverett displacement was assumed along the fastest streamline (in other words, the coupling between viscous displacement and the flow pattern was ignored). It was determined that the frontal shock speed from the standard Welge construction, gave a breakthrough time one fourth of that obtained by ignoring this effect. To account for this, an effective viscosity of 14.7 cp could be used in the above formula. In order to estimate the breakthrough time and post breakthrough behavior, about 130 realizations (Data File) of different parts of the injection and production well pairs were made and then the estimation on this model was done by the scaling relation (Fig. 5) .
Finally distribution of breakthrough times was obtained and shown in Figure 6 . In addition to this, conventional numerical simulations were carried out for the field. The statistics for breakthrough times were collected for the various well pairs to compare with this theoretical prediction.
Clearly, with such a small sample these results cannot be conclusive. However, certainly the results indicate that the percolation prediction from the simple model is consistent with the results of the numerical simulation of the more complex reservoir model. The agreement with the predictions is certainly good enough for engineering purposes. If the simulation was run for longer time and more well pairs had taken through that, better statistics could have been collected. The main point is that the scaling predictions took a fraction of a second of CPU time (and could be carried out on a simple spreadsheet) compared with the hours required for the conventional simulation approach. This makes the model a practical tool to be used for making engineering and management decisions. 
CONCLUSION
This paper applies results obtained earlier for the scaling law for breakthrough time distributions for oil field recovery on realistic data from a real oil reservoir. It shows that there is a good agreement between the theory and the conventional numerical simulation. As a result this approach is accurate for engineering purposes and therefore makes it a practical tool for decision making.
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